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The objective of this work is to contribute to the study of radiation effects in
non-human biota and potentially to the study of eye-lens damage in humans by
investigating the effects of low-energy X-rays on the lenses of rainbow trout. Lenses
were cultured and irradiated to doses up to 2.210 Gy with low-energy X-rays of 40
kV. Laser focal analysis was used to track changes in focal lengths across the lenses
post-irradiation. The purpose of this study was to determine whether focal length
variability (FLV) could give an indication of the early effects of radiation on lens
health. Five dose points between 0.044 Gy to 2.210 Gy were observed. None of
the groups showed differences in focal length variability compared to the control
group (FLV of 0.14 mm ± 0.03 mm for the 2.210 Gy group compared to 0.13 mm
± 0.02 mm for the control group).
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1.1 Motivation for the Study of Fish Eye-Lenses
The research topic addressed in this work has been motivated by the recent in-
terests of the International Commission on Radiological Protection (ICRP) in the
areas of eye lens dosimetry as well as environmental protection. ICRP has released
recommendations for lowering the dose limits for eye lenses in occupationally ex-
posed workers based on a review of recently available epidemiological data. ICRP
has also emphasized the importance of assessing the current degree to which the
environment and non-human biota are being protected from ionizing radiation.
These topics and their intersection will be explained in the following sections.
1.1.1 Interest in Implementing New Lens Dose Limits
The potential effects of radiation on the lens of the eye have been under considera-
tion by ICRP since 1950, when there was a potential relationship identified between
radiation dose and cataract formation [1]. In 1955, ICRP provided its first recom-
mendation for a dose limit to the lens of the eye, and these recommendations were
updated over the next several decades, as more research became available [2]. The
most recent change occurred in 2011, when ICRP’s Statement on Tissue Reactions
proposed a new 0.5 Gy threshold for tissue effects in the eye lens, as well as a new
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recommendation for occupational exposure of 20 mSv/a to the eye lens averaged
over five years, with no single year exceeding 50 mSv [3] [4].
Since this time, regulatory bodies have been assessing the possibility of implement-
ing new dose limits to the lens of the eye based on these recommendations. In 2013,
the Canadian Nuclear Safety Commission (CNSC) indicated its intention to lower
the annual limit to the eye lens in occupationally exposed workers from 150 mSv/a
to 20 mSv, in agreement with ICRP’s recommendation. The new regulatory limits
have not yet been implemented; stakeholders are in the process of assessing what
changes need to be made to support new dose limits [5].
This change has stimulated renewed interest in eye-lens dosimetry and has led to
a significant amount of scientific work concerning the effects of radiation on the
eye-lens. These studies can then inform the regulatory bodies in further decision
making.
1.1.2 Interest in the Radioprotection of the Environment
ICRP has also been addressing the issue of environmental radiation protection
over the course of several publications. ICRP’s stance on protecting the environ-
ment from radiation was stated in 1991, and was based on the assumption the
environment is sufficiently protected from radiation as long as adequate radiation
protection measures are taken to protect humans [6]. However, ICRP created a
Task Group whose goal it was to review the necessity of protecting the environment
directly. The report produced from this review was released in 2003 as ICRP Publi-
cation 91, and states that it is indeed necessary to provide a system for radiological
assessment and protection of non-human biota in the environment. The goals of
such a system are to minimize radiation effects that could cause early mortality,
and to conserve biodiversity and the ecological health of natural habitats [7].
The current environmental protection system is described by ICRP Publication 108
[8]. The basis of this system is the concept of Reference Animals and Plants, which
is consistent with the system used for human radiation protection (i.e., Reference
Man). A Reference Animal or Plant is defined for several major taxonomical groups
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based on the current availability of data and the probability of amassing more data
in the future, as well as on geographical representation. In other words, Reference
Animals and Plants were chosen based on how common they are in different types
of ecosystems, and how popular they already are in biological studies (which can
be used to predict whether more data will be available in the future).
1.1.3 Eye Lens Health in Non-Human Biota
The two motivating topics in this work are the recent interests in radiation effects
on the eye-lens, and in the effects of radiation on non-human biota, as described
above. The intersection of these topics is the effect of radiation on the eye-lens of
non-human biota.
One of the goals of ICRP’s environmental protection system is to minimize radi-
ation effects that could cause early mortality in non-human biota. The obvious
implication of this objective is that radiation exposures that would result in lethal
doses to individuals of a particular species need to be avoided, since this would
be mortality directly caused by radiation dose. However, there are also situations
in which radiation effects could indirectly cause early death in an individual. One
of these situations considers the possibility of radiation leading to full or partial
blindness.
Many species depend heavily on their vision for feeding, so damage to the lens could
lead to an individual’s inability to feed. Additionally, good eyesight would give
animals a better chance to notice and avoid natural predators. Both these factors
contribute to the well-being of the animal, and ultimately its ability to survive.
If an animal were to develop sight-impairing cataracts that hindered successful
feeding and predator evasion, then it is possible that the animal could die from
the consequences of these effects (i.e., from starvation or from being eaten by
a predator that it would have been able to avoid under normal circumstances).
Even though radiation dose would not be the cause of death in the usual sense,
the death would still be attributable to a radiation effect. This type of indirect
mortality from radiation should also be considered in an environmental radiation
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protection assessment.
Radiation effects in non-human biota would likely be due to the release of radioac-
tive material into the environment. This situation could occur as a result of an
accident at a nuclear reactor site, since nuclear reactors are generally situated at
the shore of a body of water. Potential radioactive contaminants could then dis-
perse through the aquatic environment, and the animals living in that body of
water would receive radiation dose through both external and internal exposure.
Studying radiation effects in aquatic biota (such as fish) could be helpful in con-
tributing to the body of knowledge available for decision-making in the area of
environmental radioprotection.
Studying radiation effects in fish eye lenses could also be useful towards general
eye lens dosimetry knowledge. Generally, vertebrates have the same eye structure
and physiology since this version of the eye evolved before the separation of ver-
tebrates from other phyla. Therefore, the eyes of vertebrate fish are functionally
and anatomically similar to human eyes [9]. This leads to the possibility of hav-
ing general discussions about vertebrate eyes and lenses, with the implication that
conclusions drawn from one type of vertebrate eye could be applicable to other
types of vertebrate eyes [10]. In this way, knowledge gained from studying fish eye
lenses could be transferable towards knowledge of human eye lens function.
Therefore, apart from the potential of contributing to the understanding of effects
in the human eye, research on radiation effects on the eye-lens of fish has obvious
relevance for aquatic species in heavily contaminated bodies of water, such as would
likely occur following a severe reactor accident. This work could be helpful in
contributing to the current knowledge in both eye lens dosimetry and environmental
radioprotection.
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1.2 Background to Vertebrate Eye Lens Research
1.2.1 Anatomy of Vertebrate Eyes
Vertebrate eyes share the same general anatomy: the eyeball (sclera) has a cornea
at the front to let light in, a lens to focus the light, and a retina onto which light
falls to form an image (Figure 1.1). The space inside the sclera is filled with a clear
gel called the vitreous body. In terrestrial vertebrates, the cornea provides some
refraction of light, since there is a difference in refractive power between the air
and the cornea. This refracted light is then further refracted by the lens.
However, the refractive index (RI) of the cornea is very similar to that of water
(RIcornea = 1.38 vs. RIwater = 1.33), so the cornea provides no useful refraction in
the optical systems of aquatic vertebrates [10] [11]. To make up for the relative
loss in refractive power, fish eye lenses provide stronger refraction. To provide a
stronger refraction, the curvature of the lens in stronger in fish, resulting in a spher-
ical lens. This is one of the main differences in optical function between aquatic
and terrestrial vertebrates [12]. Because the lens is virtually entirely responsible
for refracting light to form images, any damage to the lens would have a direct
impact on the visual capacity of the fish. Additionally, the lens is considered to be
particularly susceptible to damage from its environment because the lens generally
sits immediately behind the cornea, instead of behind a pupil like in terrestrial
vertebrates [11] [13].
The lens is held in place by several muscles and ligaments. The most prominent
are the retractor lentis muscle and the central suspensory ligament, which are
supported by a set of four thinner ligaments [11].
1.2.2 Culturing Eye Lenses for in vitro Organ Culture
The eye-lens itself is a living organ and consists of a surface of epithelial cells, which
undergo mitosis throughout the entire lifetime of the animal. The epithelial cells
differentiate into lens fibre cells and migrate from the surface of the lens towards
Chapter 1. Introduction & Background 6
Figure 1.1: A simplified diagram of a vertebrate eye (left) and
vertebrate lens (right) showing the basic anatomy.
the centre, elongating and layering over one another. As epithelial cells differentiate
into fibre cells, they lose their organelles and nucleus. Fibre cells move towards the
core of the lens, at which point they are no longer living cells that contribute to
metabolic processes in the lens [14] [15] [16]. The basic lens cellular structure is
shown in Figure 1.1.
Biological in vitro experiments are generally performed as a type of tissue culture.
This can be in the form of cell culture (where the histological structure of a tissue is
not maintained) or organ culture (where the tissue structure is maintained). Both
these types of culture have advantages and disadvantages, but perhaps the most
obvious advantage to organ culture is that a particular tissue can be cultured and
studied in the same form that it exists in vivo. This is different from cell culture,
where cell types are cultured and studied separately (or combined with other cell
types in an attempt to allow the cell types to interact with one another, mimicking
in vivo settings to an extent) [17].
Organ culture is difficult to perform correctly because of the many considerations
and constraints that are not present in cell culture. Generally, the most difficult
aspect of organ culture is the lack of a vascular system. in vivo, tissues are usually
supplied with oxygen and nutrients via the blood supply and its structure of blood
vessels. However, in organ culture, this process is generally limited to diffusion
[17].
In eye-lenses, this does not present a problem for culturing. The lens is not vascular,
and its metabolic processes occur mainly in the outer layer of epithelial cells and
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only the newly-differentiated fibre cells [10]. Therefore, in vivo, the lens does not
need to be supplied with nutrients other than what is diffused from the vitreous
body into the outer layers of the epithelial and fibre cells. This is consistent with
the knowledge that the core of the lens is actually non-living, and thus has no need
to have access to nutrients and oxygen for metabolic processes.
Organ culture of eye lenses can be performed in a way that allows for the assess-
ment of optical quality. Details of these methods will be discussed in Chapter 2.
Therefore, the basis of this work will be culturing the lenses of fish eyes in order




Literature Review & Statement of
Work
The literature that has been consulted in the development of concepts and proce-
dures for this work and for its analysis can generally be divided into two topics.
1. A review of the literature concerning the assessment of damage to eye-lenses,
which provides the basis for the design of measurement and analysis proce-
dures. This information was used to hypothesize about the type of damage
that would be likely to occur to a lens in the early stages of reaction to a
stressor. It also provides information about the types of analysis used to mea-
sure this damage. This includes the assessment of lens damage in general,
and not exclusively radiation-specific damage.
2. A review of the current knowledge of radiation effects to the eye-lens, which
addresses the substantial difference between lens studies and lens cell stud-
ies (i.e. organ culture vs. cell culture). This includes the relationship of
human studies and non-human studies, which highlights the importance of
non-human eye-lens research, and demonstrates the gap that can be addressed
by the work described in this thesis.
These topics will be explained in detail in the following sections and concluded
with the statement of work for the set of experiments presented in this thesis.
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2.1 Methods of Damage Assessment in Eye Lens
Toxicology
Eye lens toxicology is a field of study that aims to measure damage to the lens of the
eye. There are several types of damage assessment methods in eye lens toxicology
that can be classified into either intact eye lens assessment or cellular assessment.
Specific methods within these categories will be described in the following sections.
2.1.1 Intact Eye-Lens Assessment
There are relatively few methods of assessing lens damage in vivo (i.e., while the
animal is still alive). A common method that has been used for several decades
is slit-lamp biomicroscopy, which allows the lens to be observed by shining a thin
beam of light into the eye [18]. Photorefractometry has also been used for in vivo
evaluation of relative refraction across the lens, and creates a visualization of lens
refraction by detecting the reflection of light that has been sent into the eye [19]
[20]. However, these methods are not useful for in vitro measurements, since they
rely on having the light that reflects from the back of the eye after having passed
through the lens. Therefore, lens measurement methods specifically developed for
excised lenses will be considered.
Intact eye lenses can be assessed immediately after excision from the eye, or they
can be put into organ culture for more long-term assessment. Organ culture re-
quires a carefully designed dissection procedure in order to maintain sterile con-
ditions and avoid damage to the lens. Once lenses are excised, they need to be
kept in a specific solution of nutrients that will allow their usual metabolism to
continue, thereby keeping the lenses alive. This appears to be unnecessary in the
very short term, based on studies where lens measurements have successfully been
made after excision without the need for culture medium [21] [22]. However, using
these methods involves applying the stressor (which causes the lens damage) to the
animal in vivo before euthanization.
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Studies assessing in vitro damage to the intact eye-lens exist for both mammalian
and aquatic vertebrates, which require different culturing procedures because of
different physiologies. Organ culture of mammalian eye lenses (or any culturing
technique for any mammalian tissue) requires an incubator to keep the tissue at
a biologically appropriate temperature [17]. However, since many vertebrate fish
live in cool water, incubation is unnecessary, and in fact, the culturing is done at
cooled temperatures for a wide variety of species including rainbow trout [23].
The focal analysis of intact eye-lenses consists of measuring the refraction across a
lens and is a very common method in lens assessment. The earliest versions were
done by simply observing a grid through the lens, which progressed to the use
of thin laser light beams to track refraction changes across the lens diameter [24].
This method was then improved upon and automated, adding the capacity to assess
beam spread [25] [26]. This system also included the assessment of transmittance to
show changes in refraction. While lowered transmittance of a beam of light through
the lens could indicate the early stages of clouding, an increase in transmittance
would suggest changes in refraction occurring on a scale smaller than the beam
diameter. Measuring an increase in light intensity in some pixels of the digitizer
means that the refraction of some parts of the beam has changed, thus causing
an ‘overlap’ of light, which manifests as more pixel stimulation. However, while
the automated system certainly provides some advantages in damage analysis, the
method is essentially the same as the earlier, manual versions of observing the
refraction of individual laser beams.
The use of fluorescence assays with intact lenses has also become popular as a
method of assessing lens condition, often together with laser analysis of refraction.
A particular dye sold commercially as Alamar Blue has been used across several
lens damage studies to assess the viability of the epithelial cells on the surface of
the lens. Alamar Blue is non-fluorescent, but is metabolized by functioning cells to
a fluorescent compound. Therefore, by measuring the fluorescence of a particular
sample treated with Alamar Blue, a quantifiable measure of cellular activity can
be measured [27]. This method has been used to assess lens health as well as lens
damage from ultraviolet (UV) radiation, surfactants, and other irritants [28] [29].
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2.1.2 Cellular Assessment
Cellular assessment is generally performed at the end-point of a study that uses
intact lenses since the lenses must be sacrificed for lens cells to be obtained. In
general, the purpose of cellular assessment is to monitor the function and viability
of lens cells outside of the context of overall lens health. This can be done by
measuring the metabolic activity of the cells.
Cellular metabolic activity can be measured in several ways, many of which have
been used in eye lens studies. Some studies have simply measured the ratios of
certain cations present in lens cells that have been incubated at different con-
ditions based on the understanding that certain metabolic processes change the
concentrations of specific ions in the cell [30]. This method can be extended by
measuring specific compounds such as lactic acid production or glutathione, which
both represent the activity of certain metabolic processes in the lens [31].
Specific enzyme analysis has been used when a particular damage pathway has
been identified. For example, the effects of UV-A radiation on the eye-lens have
been reported in terms of the loss of activity of particular enzymes, and this al-
lowed for the design of experiments that quantify this effect [32] [33]. Another
example of a specific and relevant cellular assay for specific radiation damage is
the immunofluorescence assay that allows γH2AX (a marker of DNA double-strand
breaks) to fluoresce and, therefore, be quantified [34] [35].
Microscopy has also been useful in assessing changes to lens cells, though this is
a qualitative assay and has limited applications. In some applications, the lens
sutures (i.e., the junctions where multiple lens cells meet) have been assessed for
changes following microwave irradiation, since these are the sites responsible for
cataracts caused by what were thought to be related pathways [36].
Cellular assays in lenses are often specific and assess target cell functions as opposed
to general lens health. Many of these assays also require laboratory equipment
that is more specialized than what is required to perform many of the intact-lens
assessments, as described in the previous section. Though these assays are very
useful for analyses of specific metabolic or cellular processes, they are targeted,
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which means that the particular damage pathway must be known ahead of time
in order to design the assessment. This can often pose a limitation for the type of
cell response that can be studied.
2.1.3 Summary
A laser scanning apparatus was chosen instead of cellular assessment as a damage
measurement method for the work in this thesis. While it is straightforward to
build and use a simple laser scanning device as previously described, this is not the
case with specialized enzyme assay techniques. Also, using cellular assay techniques
requires sacrificing the lens, whereas laser scanning is non-destructive, and the same
lens can be measured several times. Therefore, the usefulness of laser scanning will
be explored and its limitations will be established before moving to more specialized
and work-intensive techniques.
2.2 Radiation Effects on Eye-Lenses
The following sections will provide a summary of the work that has been done
thus far in understanding radiation effects in eye-lenses. The relationship between
human and non-human eye lens work will also be discussed.
2.2.1 Human vs. Non-Human Eye-Lens Work
As described in Section 1.1.1, there has been significant interest in studying the
radiosensitivity of the eye-lens. Radiosensitivity of tissues has been attributed in
large part to mitotic activity, with the understanding that tissues made of actively
dividing cells are sensitive to radiation effects, mostly in the form of cell killing
[34][37]. However, there has been some discussion about whether cell killing is
actually the mechanism that causes lens damage [38].
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Data on radiation effects in human eye-lenses is somewhat scarce, since there is a
relatively small number of groups that can be studied. Human lens data is taken
from epidemiological studies of relevant populations. Some of the data on eye lens
dose and cataract formation are related to cancer patients who develop cataracts
as a result of receiving radiation treatment where the eyes cannot be shielded [39].
Much of the data is from epidemiological work based on atomic bomb data and
Chernobyl data, where the incidence of cataract formation has been related to the
best estimates of dose received by various individuals. Other occupationally ex-
posed populations included in epidemiological studies include pilots, astronauts,
and radiation technologists. Non-occupationally exposed groups include popula-
tions living in buildings built with Co-60 contaminated steel in Taiwan. The data
from these groups was important in ICRP’s decision to recommend lower eye-lens
dose limits) [4]. Since then, more data has become available based on Mayak
workers (a cohort of 22,377 workers followed for several decades) and agreed with
ICRP’s decision, and suggested a relative risk at even lower lens doses (0.28 Gy)
[40].
Overall, human eye lens studies are generally based on cataract incidence and,
therefore, do not offer much insight into assessing early radiation damage to eye
lenses. However, as described in Chapter 1, most vertebrates share the same ocular
anatomy and physiology. Therefore, in vivo and in vitro lens studies in non-human
vertebrates can also contribute significantly to understanding radiation effects in
human eye-lenses.
Animal studies that have contributed to eye lens knowledge in humans have been
based on rabbit, rat, and mice studies [41] [42]. Most of this work is focused on
cataract formation, since cataracts are the major interest in human lens work.
A significant number of non-human eye-lens studies are based specifically on the
early response of the lens to radiation, and do not assess cataracts within their
scope. Bovine and porcine lenses are often used in these studies. Vertebrate fish
are also useful for these studies, since their ocular system depends very heavily on
the refractive capability of the lens.
Overall, studies on human eye-lenses are limited to epidemiological work due to the
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nature of in vitro studies, but non-human vertebrate eye-lenses are often used in
their stead. This is based on the anatomical similarities between the ocular systems
of most vertebrates. Since studies on non-human eye-lenses can be very useful for
contributing to the knowledge of radiation effects in human lenses, the sections
describing radiation effects in eye-lenses will include human as well as non-human
research.
2.2.2 Radiation Effects on Intact Eye Lenses
Radiation effects in intact eye lenses have been studied in many species, both
mammalian and aquatic. However, most of the radiation effects documented for
intact lenses, as presented here, have been focused on ultraviolet radiation, with
some exploration into microwave radiation. In general, there is a lack of research
assessing the effects of ionizing radiation (other than ultraviolet) on intact eye-
lenses. Studies involving vertebrates in general will be discussed, since knowledge
about vertebrate eye-lenses is transferable to some degree to the understanding of
human eye-lenses.
Radiation studies on eye-lenses in mammals have been mostly focused on UV radi-
ation in both the UV-A and UV-B spectra. In bovine lenses, UV radiation studies
were the preliminary work that showed the efficacy of using a laser system to eval-
uate lenses based on their refractive capacity [43] [44]. These studies have shown
that there is a measurable change in refraction across the lens after a lens is irradi-
ated with UV radiation. Importantly, this damage was measurable before the onset
of any visible opacities. Also, changes in refraction could be tracked over several
days during which time the lenses were shown to recover from the initial damage
and regain their refractive capacity. It was demonstrated that these changes could
be expressed qualitatively and quantitatively.
UV radiation effects have also been measured in porcine lenses. Lenses were irra-
diated with UV radiation and their focal lengths were evaluated by laser scanning
over the course of four weeks post-irradiation [36]. The laser system was successful
in showing quantitative changes in optical quality over the course of the study.
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The effects of microwave radiation have also been assessed in bovine lenses using
the laser scanning system to measure changes in refraction. Damage to lenses
exposed to microwaves was successfully measured, and short-term recovery (within
days of the radiation exposure) was also demonstrated [36].
UV radiation effects have also been studied extensively in teleosts. In many cases,
teleost lens studies were specifically designed to gain understanding in the combined
effects of UV radiation with other irritants and contaminants. This is generally
from an environmental contamination perspective, where particular contaminants
have not been shown to be harmful to lenses on their own, but do produce lenticular
changes in the presence of UV radiation [29] [13]. This has obvious relevance
in environmental toxicology studies. The lens damage in these studies has been
successfully measured with the laser scanning system described previously, and the
damage was shown to be measurable by tracking the focal lengths of many laser
beams across the lens.
2.2.3 Radiation Effects on Lens Epithelial Cells
While cataract development studies have been ongoing for several decades, the
response of lens cells to radiation is poorly understood [45]. As previously dis-
cussed, there is a significant difference between cell response to stress in cell cul-
ture compared to how those same cells react in vivo. Therefore, it can be difficult
to relate lens cell culture work to macroscopic effects in intact lenses. Nonethe-
less, understanding the basic mechanisms is important since this will likely lead to
understanding tissue effects as research progresses.
There has been a significant amount of work that has been done on human and
animal lens epithelial cells (LECs) based on interest in the radiosensitivity of the
lens. As previously described, the lens is considered to be radiosensitive because of
its outer layer of epithelium that actively divides over the lifetime of the animal.
As previously discussed here, most of the radiation response work done with intact
eye-lenses has been focused on UV radiation. UV radiation response has also
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been studied in human LECs using several assay types, including clonogenic assay,
Alamar Blue fluorescence, and immunofluorescent staining [46] [47].
However, LEC response to ionizing radiation has been studied for several vertebrate
species, and this response has been measured in comparison with other cell types.
In mice, it has been demonstrated that LECs have a higher radiosensitivity than
others when compared to lymphocytes of the same species [48]. The radiosensitivity
of human LECs has been compared to human lung fibroblasts, and this has shown
that human LECs are actually less radiosensitive than lung fibroblasts [49]. The D-
10 (the dose that leaves a cell population at 10% of its original number) for human
LECs was shown to be 3.56 Gy, compared to 3.22 Gy for fibroblasts. This is an
example of the type of research that had challenged ICRP’s initial assumption that
the lens was radiosensitive because of its susceptibility to cell killing. Irradiated
LECs actually showed an increase in proliferation, and it is this effect that has been
considered a possible cause for lens abnormalities [38]. Other human LEC studies
have shown that a D-10 dose to these cells does not affect viability for colony
formation, but does cause a delay in population growth [45]. This could have
implications for a structure whose function relies on the successful implementation
of a very specific pattern of cell arrangement.
Overall, much of the body of research that contributes to understanding radiation
effects in eye lenses comes from lens epithelial cell studies. While it can be difficult
to relate findings from cell studies to effects in the lens itself, the findings related to
cell response to radiation can offer new avenues to consider in intact lens studies.
2.2.4 Summary
The work described in the literature shows that there has been a considerable
amount of research effort put towards understanding the effects of ionizing radiation
on lens epithelial cells. While this is helpful towards understanding the basic
mechanisms through which radiation effects may occur, there can be significant
difficulty in relating effects seen in cell culture to effects seen in the lens as a whole.
The present literature shows a good basis for the effects of ultraviolet radiation on
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intact eye-lenses. However, there is a distinct lack of research on other ionizing ra-
diation effects on intact eye-lenses. Therefore, new research that measures changes
in refraction due to ionizing radiation other than ultraviolet would help increase
the understanding of whole lens effects.
2.3 Objectives & Statement of Work
The purpose of this work is to determine whether there are early radiation effects in
the eye-lens of rainbow trout (Onchorhynchus mykiss) that can be detected using a
laser focal analysis system. ‘Early’ effects refers to damage preceding the formation
of visible opacities or cloudiness, which is the more widely recognized form of lens
damage, and generally occurs on a longer timescale than is being considered in this
work.
The experiments will consist of excising lenses from the eyes of rainbow trout and
culturing them so that they remain metabolically active. Lens health will be mea-
sured using laser focal analysis, which measures refraction across the diameter of
a lens. The data from focal measurement can be expressed qualitatively through
focal profile plotting, or quantitatively through the calculation of back vertex dis-
tance and focal length variability. The quantitative interpretation will be used to
assess changes in the refraction of a lens after irradiation. This damage assessment
method was chosen in part because a simple version of the apparatus is straight-
forward to build and implement, and also because the automated version of this
method is widely used to measure changes in lens health from a variety of stressors.
The depth-dose profile, photon energy distribution changes, and beam spot sizes
will be characterized for a low-energy X-ray generator (Amptek Mini-X). The Mini-
X will then be used to irradiate lenses to several dose points up to 2 Gy. The lenses
will be monitored daily for changes to their focal capacity until such a point that
their physical condition is no longer suitable for laser analysis (i.e., when the time
constraints of the culture method have been reached, and lenses have deteriorated).
Statistical analysis of these results will be used to determine whether there are
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measurable changes to the lenses’ refractive capacity as a result of the irradiation.
To summarize, the objectives of this work are as follows:
• Develop a set of procedures that will allow lenses to be maintained in good
health for long enough to perform short-term assessment. This includes a
dissection procedure to excise the lenses without damaging them, a cultur-
ing procedure to maintain lens health and function, as well as sterilization
procedures for both dissection and culturing.
• Characterize the Mini-X low-energy X-ray generator for dosimetry. This
includes measuring the beam spot size, depth-dose profile, and photon energy
distribution of the X-ray spectrum.
• Irradiate groups of eye-lenses to several dose points up to 2 Gy.
• Perform laser focal analysis on lens groups to determine whether there are




This chapter discusses all experimental procedures and methodologies used in this
work. Some are based on methods used in literature (see Chapter 2), while some
have been developed specifically for these experiments.
3.1 Dry Heat Sterilization Oven
Aseptic technique (i.e., performing work under sterile conditions) is important to in
vitro culturing work. A main aspect of maintaining sterility is using sterile equip-
ment, either by purchasing disposable, pre-sterilized plastic items or by sterilizing
items in the laboratory. In these experiments, sterilization was performed using
dry heat as described below.
Instruments and glassware were sterilized with dry heat using a Heratherm™ OGS60
Dry Heat oven from Thermo Scientific set to one hour at 180 ◦C [17] [50]. Dry heat
sterilization, as opposed to the more common autoclaving (wet heat sterilization),
is considered to be the best practice for sterilizing glassware and metal instruments
[17] [51] .
Before being used for sterilizing laboratory equipment, the oven was verified for
correct and consistent temperatures using an independent thermometer, whose
readings were compared to the readings from the oven itself. The purpose of
this verification was to confirm that the oven was reaching and maintaining the
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temperatures required for sterilization of glassware and instruments that are used
in aseptic procedures. The test also verified that the oven’s internal temperature
indicator was acceptably close to independently measured values. This was assessed
by checking that the load in the middle of the oven stayed within 5 ◦C of the
temperature indicated by the oven’s internal thermometer, a standard guideline
used in cell culture practice [50].
Verification was performed by placing the probe of a Fluke thermocouple into a
flask in the middle of the oven. The oven was set to 180 ◦C, and temperature
readings were taken using the oven’s interface as well as from the thermocouple.
Readings were taken every minute during temperature ramp-up, and every five
minutes after the target temperature had been reached for a total of one hour at
the target temperature. These measurements have been plotted in Figure 3.1.
















Heratherm Oven Temperature Verification
Heratherm oven temperature (°C)
Fluke thermocouple temperature (°C)
Figure 3.1: Temperature profile of the Heratherm dry heat oven
as measured by the oven’s temperature indicator compared to a
thermocouple.
Dynalon™ Kartell Dry heat sterilization indicator tape from Fisher Scientific was
also used to verify sterilization conditions. The tape has stripes which change colour
to indicate that a high enough temperature has been maintained long enough for
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sterilization to occur. Pieces of the tape were placed on beakers to ensure that the
colour change would occur under conditions that were verified to have the correct
characteristics for sterilization. The colour change of the tape is shown in Figure
3.2.
Figure 3.2: Beakers with dry heat indicator tape before and after
sterilization. The tape on the unsterilized beaker (left) has green
stripes, and tape on the sterilized beaker (right) has dark brown
stripes.
After the initial temperature verification, routine monitoring was done using indi-
cator tape alone, without secondary temperature monitoring. Tape was placed on
every item in the oven during every sterilization.
The parameters assessed in this performance test were the length of the warm-up
period, target temperature overshoot, and the difference between load temperature
and oven interface temperature. The ranges recommended for sterilization equip-
ment are as follows, and are based on standard recommendations for sterilization
ovens used for the purposes of cell culture [50].
• Warm-up time is less than 135 min
• Target temperature overshoot is less than 2 ◦C
• Temperature of the items in the oven do not deviate more than ± 5 ◦C
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Table 3.1: Results of tests for satisfactory sterilizing oven param-








Warm-up time < 135 min 22 min Yes
Overshoot < 2°C 0.2°C Yes
Load temperature ± 5°C of oven
indicator
≤ 4.3°C of oven
indicator
Yes
Each parameter verified by this experiment fell within the recommended ranges,
and the results are summarized in Table 3.1. The conditions were also sufficient
to trigger the colour change in the dry heat sterilization indicator tape. The tape
was used in all subsequent sterilizations as an indicator that the oven had reached
the expected temperatures.
These results show that the dry heat oven can provide adequate temperatures
and consistency over the heating time to sterilize the glassware used in culturing
procedures.
3.2 Irradiation Distance & Collimation
3.2.1 Irradiation Setup
A Mini-X X-ray generator from Amptek (Figure 3.3) was used to irradiate lenses.
The Mini-X produces low-energy X-rays and supports accelerating voltages from
10 kV to 50 kV and currents from 5 µA to 200µA [52]. All experiments were done
using an accelerating voltage of 40 kV and a current of 99 µA. The voltage of 40 kV
was used to avoid potential overheating from running continuously at the highest
voltage setting of 50 kV. The current of 99 µA was used because a higher current
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would have caused the Mini-X to exceed its maximum specified power output.
Figure 3.3: Amptek Mini-X X-ray generator.
The Mini-X was characterized before beginning lens irradiations in order to evaluate
differences in irradiation distance, aperture size, and depth-dose relationships. The
characterization of the irradiator consisted of determining which beam spot sizes
should be used for lens irradiation (based on distances and collimators), as well
as measuring the energy spectrum of the Mini-X to determine the average photon
energies seen by the lens.
The Mini-X is housed within an aluminum enclosure, and the targets for irradiation
are placed within that enclosure. The setup is shown in Figure 3.4.
3.2.2 Radiochromic Film
Gafchromic™ XR-QA2 radiochromic film from Medron Medical Systems was used
to measure beam spot sizes at various distances from the X-ray aperture and with
various collimators. This was done to measure beam spot size and uniformity,
which were then used to determine the optimal lens position for irradiation.
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Figure 3.4: Setup of the irradiation system.
An insert that could hold a square of film at adjustable distances from the aperture
of the irradiator was built for the X-ray irradiator enclosure. This holder was then
used to measure the beam spot size at the front, middle, and back of the enclosure to
give approximate information about spot sizes at various locations in the enclosure.
The front, middle, and back of the enclosure were at distances of about 0.5, 3, and
6 in from the aperture, respectively.
Measurements were then repeated with various collimators, which fit inside the
Mini-X aperture and reduce its diameter. This produced an array of beam spot sizes
for several combinations of distances and collimators, which were used to determine
the optimal irradiation distance; this decision was based on the uniformity of the
spot at the various distances from the collimator. The measurements were then
repeated at the chosen distance for several collimators, so that the optimal X-ray
collimator size could be determined. After initial measurements, a distance for
more precise measurements was chosen based on these preliminary results.
The preliminary measurements consisted of determining the spot size at various
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distances from the Mini-X aperture: at the far end of the enclosure (6 in), at the
middle of the enclosure (3 in), and as close to the aperture as possible (about 0.5
inch). Several collimators were used, with diameters of 3.7 mm, 3.2 mm, 2.5 mm,
and 2.0 mm. The diameter of the “open” aperture (i.e. with no collimator) was
measured to be 5.6 mm.
The spot size uniformity was assessed by observing the shape and colour of the
exposed section of film. The overall beam spot consisted of two slightly offset
circles, with the region of overlap being the effective beam spot size. The overlap
is consistent in shape and relative size for the various distances and collimators,
but is more difficult to distinguish for the smaller spot sizes. The initial batch of
films can be seen in Figure 3.5.
The spot sizes seen in the middle of the Mini-X enclosure (i.e., at approximately
3 inches from the aperture) had a slightly more pronounced overlap than at closer
distances, but the size of the effective spot formed by the overlap was large enough
for the dimensions of the lenses. Therefore, the measurements were repeated using
a more precise distance for the middle of the enclosure.
The middle of the enclosure was defined to be 93mm from the collimator, based
on the enclosure’s diameter. The spot size measurements were repeated for three
different collimators. From the initial measurements (Figure 3.5), using the smaller
collimators produced too small of a spot size. Therefore, the three largest collima-
tors were used here. These measurements can be seen in Figure 3.6, and the sizes
of the effective beam spots are summarized in Table 3.2.
These measurements led to the decision not to use a collimator for lens irradiation,
since the region of overlap seems more clearly defined in the largest spot size. The
spot size produced with no additional collimation is also large enough to irradiate
a lens and the ion chamber with a uniform field, whereas the spot sizes closer to
the aperture or using collimators would not be large enough.
Therefore, the target position for all irradiations was set to be in the middle of
the enclosure, 93mm from the aperture. The X-ray aperture diameter was left as
5.6mm, which is the size of the machine’s aperture with no additional collimation.
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Figure 3.5: The initial batch of beam spot sizes measured to assess
which distances and collimators were best suited for lens irradiations.
Columns, left to right, are distances of 6 in, 3 in, 1.5 in, and 0.5 in
from the aperture. Rows from top down are aperture diameters of
5.6 mm, 3.7 mm, and 2.5 mm.
3.2.3 Lens Holder Design
Once an appropriate position for irradiation was determined as described above, a
cuvette holder was designed and printed with PLA plastic using a MakerBot™ 3-D
printer. The purpose of the holder was to ensure that the cuvette (and thus the
lens) was positioned in the same way for each irradiation.
The holder was designed in such a way that it could accommodate either a cu-
vette or the ionization chamber, and to align all of these in the same way during
irradiation. This was to ensure that the ionization chamber would be measuring
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Table 3.2: Effective spot sizes for various collimators in the middle
of the irradiator enclosure at a distance of (93mm from the aper-
ture).





Figure 3.6: The radiochromic films from measurements summa-
rized in Table 3.2. Spots were measured at a distance of 93 mm from
the aperture, and with collimator diameters of 5.6 mm, 3.7 mm, and
3.2 mm (left to right).
the same X-ray field that the lenses would be exposed to during irradiation. The
lens alignment system is shown in Figure 3.7. The printed insert for the holder is
shown in more detail in Figure 3.8, for holding the ion chamber (which fits in the
circular opening of the second insert, as demonstrated in Figure 3.10).
Figure 3.9 demonstrates how the insert for the ion chamber keeps the window of
the chamber exactly in front of the Mini-X aperture, which can be seen as the
smallest circle centered in the hole of the insert. The alignment system can be seen
in use in Figure 3.10. The insert was designed in such a way to keep the lens and
ion chamber centered and at the same height.
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Figure 3.7: Alignment system for cuvettes (left) and the ion cham-
ber (right).
Figure 3.8: Two inserts that fit into the lens cuvette holder. One
insert is the cuvette that holds a lens for irradiation (left), and
one fits the A20 ionization chamber for consistent alignment dur-
ing dosimetry measurements (right).
3.3 Radiation Characterization & Dosimetry
Radiation measurement and dosimetry for these experiments was mainly done using
an ionization chamber. Ionization chambers work by creating an electric field
between a cathode and an anode in order to collect the ions produced by ionizing
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Figure 3.9: A demonstration of the alignment provided by the
holder and insert system. The insert used here is the ion chamber
alignment insert, and the view is from the hole through which the
ion chamber is inserted.
radiation. This is measured as a charge, which can then be related to a dose if a
calibration factor is known or calculated.
The ionization chamber used in these experiments was a Exradin A20, and was used
with aSupermax electrometer, both commercially available from Standard Imaging.
The electrometer measures the charge collected by the ionization chamber and uses
a system factor to convert collected charge to dose. For all measurements, the
ionization chamber was operated at 300V. Figure 3.10 shows how the ion chamber
was set up within the Mini-X enclosure. The window of the ion chamber is the
front circular face held by the alignment insert.
3.3.1 Depth-Dose Curve
A depth-dose curve was measured for the Mini-X using the ion chamber. Atten-
uators of 0.5 mm thick polyethylene terephthalate (PET) were placed in front of
the ion chamber, with the total thickness of the plastic ranging from 0.5 mm to
17 mm. The Mini-X was operated at the same settings as would be used for lens
irradiation (40 kV, 99 µA). The purpose of these measurements was to determine
the dose rates at various thicknesses of attenuator material which simulate the lens
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Figure 3.10: The Exradin A20 ionization chamber held in align-
ment with the Mini-X aperture.
tissue. The dose rate measurements through a certain thickness of PET plastic
simulate the dose rate through that same thickness of lens tissue. This was done
to investigate whether there is a significant change in dose rate across the lens
diameter.
The depth-dose curve was measured for the Mini-X at normal operating settings (40
kV and 99 µA). Figure 3.11 shows the results of this measurement. The open dots
represent the thickness of PET that corresponds to the diameter of a particularly
large lens (6 mm), so virtually all lenses measured experience the dose rates in this
section of the curve.
The measured dose rate with 0.5mm of attenuation is 0.3 Gy/min, and drops
below 0.1 Gy/min at 2.5 mm. An average (5mm diameter) lens would experience
a dose rate of about 0.07Gy/min at its front surface, which would decrease to
about 0.03Gy/min at the back surface.
These measured dose rates were used to calculate the doses that the lenses would
experience during their irradiations. Lenses are irradiated in standard polystyrene
cuvettes, which are 12 mm wide with 1 mm thick walls. The lens sits centered in
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Figure 3.11: The depth-dose curve through polyethylene tereph-
thalate measured for the Mini-X X-ray generator set to 40 kV and
99 µA. A lens generally occupies the space between 3.5mm to
8.5mm, and thus falls within the region represented by the open
points.
the cuvette with its center at a distance of 6 mm from the outside of any of the
cuvette’s walls. Lenses are generally about 5 mm in diameter and thus occupy the
space from approximately 3.5 mm to 8.5 mm as shown in Figure 3.14. Therefore,
the dose rates that are used to calculate lens dose are taken from the 3.5 mm to
8.5 mm range of dose rates measured through PET plastic.
The dose to the center of the lens regardless of lens diameter is the dose as measured
at a depth of 6 mm. Therefore, the dose rate used to determine irradiation times
is 0.04221 Gy/min, which is the dose rate measured through 6 mm of PET. This
information was used to determine the irradiation time (total and per fraction) for
the lenses at each dose point, all of which are summarized in Table 3.3. These dose
values were obtained using the formula shown in Equation 3.1, where Dlens is the
calculated dose to a given point in the lens, Ḋdepth is the dose rate at a particular
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thickness of attenuator material corresponding to that point in the lens, and tfraction
is the length of one fraction of irradiation time, since lenses were irradiated in four







The error associated with the dose rate calculated in this way can be calculated
from the errors of each dose fraction. The errors in these measurements are error
in irradiation time, δtfraction, and error in measured dose rate at a particular depth
of material, δḊdepth. These errors were experimentally determined by calculating
the standard deviation across multiple measurements of the same dose rate. The
error for a single dose fraction, δDfraction, can be calculated by propagating these
errors and is shown in Equation 3.2. The total error in one dose calculation for a













(δDfraction 1)2 + (δDfraction 2)2 + (δDfraction 3)2 + (δDfraction 4)2 (3.3)
For calculating dose to the lens core, the dose rates for each fraction are the same (as
simulated by 6 mm of PET plastic). However, these equations can also be used to
account for differences in dose rates when calculating the dose to a point elsewhere
in the lens. For example, the depth-dose data can also be used to approximate the
difference between dose to the lens core and dose to a given point on the periphery.
Since lenses were irradiated in four fractions with the cuvette being turned one
quarter turn between fractions, the point on the surface of the lens that is closest
to the X-ray aperture first experiences one irradiation fraction at one particular
dose rate (as measured at about 3.5 mm of PET plastic). During the next fraction,
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that point on the lens rotates around the center and experiences another fraction of
time in a dose rate as measured at 6 mm of PET plastic. The lens then turns again
and the point is at its furthest from the X-ray aperture, where it experiences a dose
rate as measured at 8.5 mm of PET plastic. Finally, during the fourth fraction,
the point experiences the 6 mm dose rate again. This is described by Equation 3.4.
Dsurface =
(
Ḋ3.5mm + 2Ḋ6mm + Ḋ8.5mm
)
(tfraction) (3.4)
Dsurface = (0.0712 Gy/min+ 2(0.0442 Gy/min) + 0.0276 Gy/min) (tfraction)
Dsurface = (0.183 Gy/min) (tfraction)
The results of dose calculations and error analysis based on the set of equations
presented above (Equations 3.1 to 3.4) are sumamrized in Table 3.3.
Table 3.3: Irradiation times and their corresponding lens core and









3000 ± 2 750 ± 1 2.210 ± 0.002 2.339 ± 0.003
1500 ± 2 375 ± 1 1.105 ± 0.002 1.170 ± 0.002
510 ± 2 128 ± 1 0.337 ± 0.002 0.399 ± 0.002
405 ± 2 101 ± 1 0.298 ± 0.001 0.315 ± 0.002
252 ± 2 63 ± 1 0.186 ± 0.001 0.196 ± 0.002
120 ± 2 30 ± 1 0.088 ± 0.001 0.094 ± 0.002
60 ± 2 15 ± 1 0.044 ± 0.001 0.047 ± 0.002
Calculating the surface dose in this way demonstrates that the periphery of the
lenses receives a higher dose than the lens core. This is due to the non-linear
decrease in dose rates across the diameter of the lens. The surface of the lens could
be receiving as much as 1.75 times the dose rate that the core gets (in the case
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of a typical 5 mm diameter lens). This ratio increases towards 2 times the dose
rate for the surfaces of larger lenses where the dose rate can reach 0.08 Gy/min at
the lens surface. Table 3.3 also includes the calculated surface dose compared to
the dose calculated for the core of the lens for each of the dose points in the lens
irradiations.
The results of the depth-dose measurements show that there is a decrease in dose
rate across the diameter of the lens from the spectrum hardening as it passes
through the attenuator material. The next experiment (discussed in Section 3.3.2)
addresses the question of whether the expected increase in average photon energy
associated with spectrum hardening necessitates the use of correction factors for
calculating lens dose.
Though dose rates do decrease over the diameter of the lens, they are more consis-
tent across this distance than they are over the first several millimetres of attenu-
ating material (i.e. through the cuvette wall and culture medium). It is desirable
for the significant decrease in dose rate to occur in the material in front of the lens
rather than across the lens itself, since this means that the decrease in dose rate
through the lens will be less drastic. While this does not entirely eliminate the
difference in dose to the front vs. the back of the lens, it is less of a difference than
if there was less filtering material.
Overall, the depth-dose measurements allow for the comparison of dose to the lens
core compared to the lens surface. Though this difference is relatively small, it is
important to consider during dosimetry, so that there is an understanding that the
periphery of the lenses has received a higher dose than the core.
3.3.2 Lens Dose vs. Air Kerma
The ion chamber measures air kerma (the kinetic energy released per unit mass of
air) by collecting the charge from ionized particles and using a calibration factor
to convert this charge to a kerma value. The air kerma calibration factor for the
Exradin A20 ion chamber is 3.8× 108Gy/C [53].
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Under conditions of charged particle equilibrium, the measured air kerma represents
the dose imparted to air. However, the objective of this work is to investigate dose
effects in eye lenses. An assessment was performed in order to determine whether
there is a significant difference between dose to air and dose to eye lens tissue at the
photon energies being used in these irradiations, and whether a correction factor
was necessary for dosimetry.
The correction factor is calculated as the ratio of the mass energy-absorption coef-
ficients for the eye lens tissue to that of air. Multiplying this ratio by the measured
dose to the air (i.e., the air kerma) adjusts the measured air dose to theoretical
lens dose. This relationship is shown in Equation 3.5.




However, the mass energy-absorption coefficient changes with photon energy, and
thus the mass energy-absorption coefficient must therefore be represented as the
normalized sum of the coefficients at each energy multiplied by the photon energy
fluence at that energy, as shown in Equation 3.6.
(µen/ρ) =
∑(
(µ/ρ)E × E × P (E)
)
∑(
E × P (E)
) (3.6)
The National Institute of Standards and Technology (NIST) provides mass energy-
absorption coefficients for both air and eye lens tissue [54]. This data was used
to calculate the effective (µ/ρ)lens values for the lens using the equations above.
This process is described in the following sections, since it involves measuring the
photon energy distribution spectra for the lens.
X-123 Calibration
In order to measure the photon distribution spectra across the lens, a commercially
available Amptek™ X-123 low-energy X-ray spectrometer (Figure 3.12) was first
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calibrated for the photon energy range of interest.
Figure 3.12: Amptek X-123 X-ray Spectrometer.
The spectrometer was calibrated using Am-241 and Fe-55 sources, which provided
six suitable peaks all together. The characteristic X-rays from the silver target of
the Mini-X were also used for the calibration, for a total of eight peaks, as shown
in Table 3.4. All of these peaks have energies below 60 keV and are thus suitable
for low-energy calibration of the range of energies expected for the 40 kV Mini-X.
Figure 3.13 shows the resulting calibration curve produced for the X-123. The cal-
ibration equation produced by fitting a line through all of the data points was used
to calibrate the raw spectrum data from the X-123 spectrometer. The spectrome-
ter was then used to measure the photon distribution spectra from the Mini-X for
various attenuator thicknesses.
The purpose of calibrating the spectrometer was to measure the photon energy dis-
tribution spectra as experienced by a lens. In general, photon energy distribution
spectra for increasing attenuator thicknesses show that lower-energy photons are
filtered out, thereby decreasing the overall number of photons reaching the target,
but increasing the average photon energy. The front of a lens should, therefore, be
subject to a higher dose rate from a larger number of photons, but with a lower
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Table 3.4: The eight usable energy peaks provided by Am-241, Fe-











average energy compared to the back of the lens. The back of the lens would
experience a comparatively lower dose rate from a lower number of photons, but
a higher average photon energy. As previously described, mass energy-absorption
coefficients (µen/ρ values) are used to relate the measured dose to air and the corre-
sponding dose to the lens (Equation 3.5). However, the change in dose rate across
the lens diameter due to spectrum hardening suggests that there is a change in
average photon energy for different parts of the lens, and it follows that there is
also a change in lens-to-air ratio of the mass energy-absorption coefficients. There-
fore, the photon energy distribution spectrum was measured for the front, middle,
and back of the lens in order to calculate and compare changes in effective mass
energy-absorption coefficients across the lens.
X-Ray Distribution Spectrometry
The purpose of measuring the photon distribution spectra was to determine the
extent of the differences in photon distribution across the diameter of the lens.
The spectrum data was also used to calculate separate (µ/ρ)lens values for different
points across the lens diameter.
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Figure 3.13: The calibration data for the X-123 spectrometer using
low-energy sources.
These measurements were taken by simulating the amount of material that X-rays
pass through before reaching the front, middle, or back of a lens, as shown in Figure
3.14 for a typical 5mm diameter lens. The thickness of polyethylene terephthalate
(PET plastic) corresponding to the amount of material and lens tissue in front of
a particular part of the lens was placed in front of the spectrometer’s window, and
the Mini-X was set to the same voltage as during lens irradiation (40 kV). The
current was lowered to 5 µA because the spectrometer was saturated by the usual
99 µA that is used for lens irradiation. Lowering the current reduces the number
of photons reaching the spectrometer, but the energy distribution of the photons
remains the same.
The spectrometer was irradiated with 3.5mm of PET in front of the window to
measure the X-ray energy spectrum that would be seen by the front of the lens.
6mm of PET was used for the middle of the lens, and 8.5mm for the back of the
lens.
The spectra measured for the front, middle, and back of the lens were then normal-
ized to show the probability P (E) that a photon would have a particular energy E.
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Figure 3.14: A schematic showing the thickness of material
(polystyrene cuvette (grey) and culture medium (blue)) in front of
the lens (white), which sits on a plastic stand. There is 3.5 mm to
the front of the lens, 6 mm to the middle, and 8.5 mm to the back.
These probabilities were then multiplied by the respective mass energy-absorption
coefficient (µ/ρ)lens. These values were then summed to give an effective mass
energy-absorption coefficient for the given photon spectrum, as described in Equa-
tions 3.5 and 3.6.
Figure 3.15 shows the results of the photon energy spectrum distribution mea-
surements. The spectra are shown as normalized probability distributions, with
each point representing the probability P (E) that a photon from the Mini-X has
a particular energy E. There is noticeable spectrum hardening occurring: as the
spectrum is attenuated, there is a decrease in total number of photons reaching
the spectrometer, but an increase in peak energy. The peak energy at the front
of the lens is approximately 13 keV, which increases to about 16 keV towards the
back of the lens. The sharp peaks in the spectra (at about 22 keV and 25 keV) are
the characteristic X-rays from the silver target in the Mini-X. These peaks are at
the same position for each spectrum, confirming that the energy differences in the
bremmstrahlung portion of the spectrum do represent actual differences and are
not simply artifacts of imprecise measurements.
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Figure 3.15: The normalized probabilities of X-ray energies reach-
ing the front, middle, and back of the lens. The front of the lens
experiences a slightly lower average X-ray energy (∼13 keV) than
the back of the lens (∼16 keV).
Mass energy-absorption coefficients (µen/ρ values) for air and lens tissue were ob-
tained from NIST [54] and plotted to show the change for different photon energies,
as shown in Figure 3.16.
Mass energy-absorption coefficients are only given for certain energies in the 0 - 60
keV range, and are represented by the points in the plot in Figure 3.16. The values
are very similar for air and lens tissue, though air has slightly higher values (these
differences are demonstrated in Table 3.5 for selected photon energies). Curves
were fitted to both sets of points, and the equations of these curves were used
to approximate the µen/ρ values for the energies between the given points. This
provided a µen/ρ value for both air and lens tissue for every energy measured by the
X-123 spectrometer. These values were then used in the equation relating dose to
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Figure 3.16: Mass energy-absorption coefficients for both air and
lens tissue for the range of energies expected from the Mini-X.
air and dose to lens tissue using the ratio of µen/ρ values for the two materials (as
previously described by Equations 3.5 and 3.6). This was done for each spectrum
measured, representing the front, middle, and back of the lens. The results of these
calculations are summarized in Table 3.6.
The ratio of lens-to-air µen/ρ values for the front-of-lens spectrum is 0.974. The
ratios for the middle and back of the lens are 0.978 and 0.981 respectively.
The back of the lens has the highest effective µen/ρ value, with 37.99 cm2/g for
lens tissue and 38.73 cm2/g for air. The back of the lens also has the highest
lens-to-air µen/ρ ratio of 0.981. The front of the lens has the lowest µen/ρ values,
with 27.88 cm2/g for lens tissue and 28.63 cm2/g for air, and also has the lowest
lens-to-air ratio of 0.974. The higher effective µen/ρ coefficients for the back of
the lens can be explained by the small peak of very low-energy photons (1.5 keV)
that is present in all three spectra (Figure 3.15), but is largest for the back-of-lens
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Table 3.5: A comparison of mass energy-attenuation coefficients
for air and lens tissue. For all energies shown here, the coefficients
for air are slightly higher than for lens tissue. The differences are






1 keV 3590 3600 0.29
10 keV 4.46 4.74 6.09
20 keV 0.499 0.539 7.71
30 keV 0.142 0.154 8.11
40 keV 0.0642 0.0683 6.19
50 keV 0.0396 0.0410 3.47
spectrum. This peak is smaller for the middle of the lens, and smaller still for
the front of the lens. Though these energies make up a relatively small proportion
of all photons reaching the lens, the µen/ρ coefficient at very low energies is very
high: around 3600 cm2/g at 1 keV, which is 800 times as large as the 10 keV µen/ρ
value. Since the effective µen/ρ value is a weighted average for the normalized
photon distribution spectrum, the very high µen/ρ values for very low energies
result in a significantly higher effective µen/ρ value for the spectra with slightly
larger proportion of very low-energy photons.
This is also a possible explanation for the ratio of weighted lens-to-air µen/ρ values
being closest to unity towards the back of the lens. The very low-energy photons
(around 1.5 keV) have the smallest percent difference between µen/ρ values for lens
tissue vs. air (0.29%, as shown in Table 3.5, compared with up to 8% at 30 keV).
Since the most heavily weighted µen/ρ values are those with the closest lens-to-air
agreement, this leads to the back-of-lens spectrum to have a lens-to-air µen/ρ ratio
closest to unity.
However, if the objective of these calculations is to determine the effect of the
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Table 3.6: A comparison of the calculated energy-weighted lens-to-
air µen/ρ values (derived from Equation 3.6) (in cm2/g) and ratios
for the front, middle, and back of a lens, for the spectra including
and excluding the 1.5 keV peak.
Full Spectrum Data
µen/ρ (Lens) µen/ρ (Air) Ratio
Front of lens 27.88 28.63 0.974
Middle of lens 31.96 32.68 0.978
Back of lens 37.99 38.73 0.981
Spectrum Data Excluding 1.5 keV Peak
µen/ρ (Lens) µen/ρ (Air) Ratio
Front of lens 21.25 21.94 0.968
Middle of lens 17.23 17.81 0.968
Back of lens 15.43 15.95 0.967
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shifting bremmstrahlung spectrum on µen/ρ ratios, then the 1.5 keV peak can be
excluded. The results of removing this peak show that there is an overall decrease
in mass-energy transfer coefficients from the front to the back of the lens (from 1.67
cm2/g to 1.03 cm2/g), which is consistent with the average photon energy increasing
over this distance. However, the ratios of lens-to-air dose remain consistent for the
front, middle, and back of the lens (the ratio is 0.97 in all cases). This is also
summarized in Table 3.6.
Overall, these measurements have shown that there is a measurable difference be-
tween the dose to air (as measured by the ion chamber) and the dose to lens tissue,
with the ratio of lens-to-air µen/ρ values ranging from 0.987 to 0.992 across the
lens diameter. This could be important to address for potential future experiments
with more precise dosimetry, but for the purposes of this work, it is sufficient to





4.1 Dissection & Culturing Methods
4.1.1 Aseptic Technique
Aseptic technique refers to performing dissection and culturing in a way that does
not introduce biological contaminants into cultured cells, tissues, or organs. There
are several satisfactory methods of maintaining sterility during preparation of cul-
ture media and while performing culturing procedures. Methods used in these ex-
periments are described in the following sections, and were generally chosen based
on availability of equipment and instruments as well as suitability for the volume
of work being performed.
Dissection was done partially on the benchtop without aseptic procedures when the
dissection was non-sterile (when handling the fish heads or whole eyeballs, which
had already been exposed to the environment), and partly under sterile (aseptic)
conditions using sterile labware. All culturing was also performed under sterile
conditions.
Flow Hood for Aseptic Work
Sterile handling of lenses was done inside a laminar flow hood (LFH). Generally,
sterile culturing work is done in a biological safety cabinet (BSC), not an LFH, since
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a BSC’s primary purpose is to protect the operator from pathogens in the material
being cultured [17]. This was not necessary for the experiments in this work, since
the lenses were from fish meant for human consumption and thus no pathogens or
other biological safety concerns were present. Therefore, an LFH was sufficient for
this work, as the primary purpose of the LFH is to provide sterile conditions for
the contents of the hood, rather than to provide sterile conditions for the operator.
The LFH was kept empty, apart from the sterile glassware and instruments used for
dissection and culture medium changes. Keeping the LFH empty allows for proper
air flow within the hood, which ensures that sterile conditions are maintained.
The surface inside the laminar flow hood was swabbed with 70% alcohol before
every use, during use when moving new items to the work area, and after use
when items had been returned to their usual place. All containers with sterile
contents were only ever opened and transferred inside the laminar flow hood. While
containers with sterile contents could be opened and held vertically in laminar flow
(which is not good practice on an open bench), nothing should come into the
space between the HEPA filters at the top of the hood and the open container
(including hands). Pouring sterile contents from nonsterile containers produces
the possibility of contamination, and therefore all sterile contents were transferred
using sterile pipettes. These techniques are all considered to be essential or general
good practice in cell culture [17] [50] [55].
4.1.2 Dissection and Sample Preparation
The rainbow trout (Onchorhynchus mykiss) used in these experiments were ob-
tained from Linwood Acres Trout Farm in Campbellcroft, Ontario, approximately
40 min away from UOIT by car. Fish heads were removed by site staff and trans-
ported on ice to the UOIT laboratory.
Eyeballs were removed from all fish heads by using fine-point dissection scissors to
sever the eyeball from the surrounding connective tissue and from the optic nerve
at the back of the eye. Excised eyeballs were kept in a Petri dish on ice (Figure
4.1) until all eyes were removed from all fish.
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Figure 4.1: Eyeballs were excised from all fish and kept on ice
until lens excision began.
Once all eyeballs were removed, the dissection was moved to sterile conditions in
the laminar flow hood. To remove the contents from each eyeball, an incision was
made along the equator of the sclera. By holding the eyeball incision-side down
over a sterile Petri dish filled with H-10 culture medium (see section 4.1.3) and
applying light pressure to the opposite side of the eyeball, the contents were gently
squeezed out without making contact with any dissection instruments, shown in
Figure 4.2.
The lenses were then cleaned by separating them from the surrounding vitreous
body (a clear gel throughout the eyeball) and choroid (a black film inside the
posterior surface of the sclera). The vitreous body is a clear gel-like substance and
can be removed by grasping it with fine-point dissection forceps while preventing
the lens from moving using a flat, blunt tool such as a scoopula. Pieces of choroid
can be removed in a similar manner, since choroid often sticks to small pieces of
vitreous body rather than to the lens. The lenses can generally be cleaned without
having to bring sharp instruments into contact with the lenses themselves. The
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Figure 4.2: Removing the eyeball contents without touching the
lens with dissection instruments.
exceptions are pieces of choroid that stick to the lens itself; these can be removed
by using the flat sides of fine forceps to grasp the choroid piece. Pieces of choroid
that are not on the equator of the lens can be left attached if they are small, since
they will not interfere with the laser measurement system which only examines the
diameter of the lens across its equator.
When removing the vitreous body, it is helpful to leave attached the retractor
lentis muscle or ligament that holds the lens within the eyeball. This can serve as
a handle with which to move the lens between containers without having to touch
the lens itself with instruments.
Lens cleaning was done in two stages to maintain relatively clean medium and
prevent the cleaning process from being hindered by larger pieces of removed tissue.
Three standard Petri dishes were used for lens cleaning. Large pieces of choroid
and vitreous body were removed in the first Petri dish and the partially cleaned
lens was moved into clean medium in a second dish, where the smaller pieces of
vitreous body and choroid were removed. The fully cleaned lenses were kept in a
third clean dish until the procedure was complete for all lenses. The stages of this
Chapter 4. Eye-Lens Irradiation Experiments 49
cleaning process are shown in Figure 4.3.
Figure 4.3: The stages of the lens cleaning process: the far Petri
dish shows empty sclera, the middle dish shows removed pieces of
choroid and vitreous body, and the closest dish shows cleaned lenses.
Cleaned lenses were placed into the wells of a sterile, non-tissue treated 24-well
plate (shown in Figure 4.4) and covered with H-10 medium for culturing. Plates
were labelled and placed into a refrigerator kept at 10 ◦C. Medium was changed
every 24-48 h using sterile syringes, as described in Section 4.1.3.
4.1.3 Culturing Methods
The culture medium used in these experiments was H-10 fish lens culture medium,
which has been used successfully in fish eye lens culturing experiments in the lit-
erature [13] [23] [30] [31].
H-10 culture medium was created in the laboratorty from its constituents as re-
ported in the literature, and was composed of 135.5 mM NaCl (Thermo Fisher),
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Figure 4.4: A 24-well plate, used to house lenses during culturing.
5.0 mM KCl (Thermo Fisher), 2.0 mM CaCl2 (VWR), 5.0 mM glucose (VWR),
and 10.0 mM HEPES physiological pH buffer (Thermo Fisher), with 100 u/mL
penicillin and 100 µg/mL streptomycin (Thermo Fisher). Medium was prepared
using Type I ultrapure (tissue culture grade) water and kept under the same refrig-
eration as lenses in culture to minimize temperature changes for the lenses during
culture medium changes.
Medium was prepared in 500 mL batches by using sterile glassware to add appro-
priate amounts of each constituent to a sterile flask, then by filling the flask to
500mL with tissue culture grade water.
The culture medium was changed every 24-48 h. To change the medium, the
old medium was first removed from the well using a sterile dropper. A sterile
syringe was then filled with fresh culture medium, and a 0.2 µm polyethersulfone
(PES) filter was attached to the syringe to sterilize the medium. This was done
to provide a second measure of medium sterilization immediately prior to use.
The fresh, sterile medium was then added directly to the wells. This process
took approximately two minutes to complete for a full 24-well plate, and thus the
lenses did not experience a significant temperature change from being outside of
the chilled culture environment.
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4.2 Lens Focal Capacity Analysis
4.2.1 Laser Focal Analysis Apparatus
Laser focal analysis was used in these experiments to quantify changes in the re-
fractive capacity of the lenses. The system built and used here was based on an
automated laser scanning system built by Weerheim and Sivak [25].
A basic laser scanning system was built by securing a 5 mW laser to a 25 µm-
incremented slide table. A collimator was fitted to the laser to reduce the beam to
a 0.15 mm diameter at the aperture. A millimetre-grid was used as a screen onto
which the laser beam was projected. The screen was placed far enough away from
the lens position that small angles of refraction would be easily visible as relatively
large changes in position on the grid, and close enough to the laser aperture to
minimize beam spread. A cuvette was used as a lens container (as shown in Figure
3.14) and was placed between the laser and the screen. Figure 4.5 shows the basic
schematic of the system, and Figure 4.6 shows the final experimental setup.
Figure 4.5: A schematic of the laser system used in lens analy-
sis. A laser (left) shines a beam of light through a lens (middle),
which refracts the beam onto the screen (right). The focal point can
be graphically shown by superimposing the paths of several beams
through a lens.
4.2.2 Focal Analysis Methods
Focal analysis was performed by moving the laser beam in 0.13 mm steps across
the lens and noting where the beam fell on the screen at each step. One data point
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Figure 4.6: The laser system used in lens focal analysis. The laser
(left), mounted on a slide table, sends beams through a lens in a
cuvette (center). The beams are refracted and fall onto the screen
(right).
consists of two sets of coordinates, giving the relationship between where the beam
passes through the lens and where it falls on the screen. The data for a single lens
scan (i.e., all beams across the diameter for a given day) includes information for
approximately 30 beams, depending on the diameter and condition of the lens. This
data can be represented qualitatively by creating a focal profile, or quantitatively
by calculating back vertex distance (BVD) and focal length variability (FLV). The
methods for calculating these values are described in the following sections.
Focal Profiles
The full data set for one lens during one set of measurements is plotted to illustrate
the beam paths superimposed on one another; this produces a visual representation
of the focusing capacity of the lens. An example of a focal profile for a healthy lens
is shown in Figure 4.7. This method of displaying focal length data is useful for
assessing the overall quality of the lens and understanding, conceptually, the effect
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that changes in refraction have on the lens’ overall focusing ability.
In these profiles, the left vertical axis is the eccentricity of each beam that is sent
through the lens. The right vertical axis is the position on the screen where the
beams fall. One data point is represented by one line which connects the position
a particular beam enters the lens (i.e., the height on the left vertical axis) to the
position the beam falls on the screen (the height on the right vertical axis).
Figure 4.7: An example of a focal profile for a healthy lens. The
left vertical axis is where beams crossing the diameter of the lens,
and the right vertical axis is where where those beams fall on the
screen. All beams intersect near the same distance, indicating that
the lens is able to focus light well.
Back Vertex Distance & Focal Length Variability
Back vertex distance and focal length variability are two ways to quantify the
health of a lens by describing its ability to refract beams of light correctly.
Back vertex distance is a measure of focal length and represents the distance be-
tween where a beam of light enters the lens and where it crosses the optical axis.
On a focal profile (Figure 4.7), the optical axis is represented by the y = 0 line.
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The information required to describe one beam consists of two sets of coordinates
(defining the beam entrance position and then where that beam falls on the screen).
BVD values can be calculated by obtaining the equation of the line formed by these
two points and then calculating the x-value that corresponds to a y-value of zero.
This process is described mathematically as follows:
One data point consists of two sets of coordinates (x1, y1) and (x2, y2). These
represent beam locations at the lens and screen, and can be named (x lens, y lens)
and (x screen, y screen) for clarity, and are illustrated in Figure 4.8:
Figure 4.8: A diagram showing the line formed by one lens data
point. The data point is made up of two coordinates: where the
beam enters the lens (left), and where the beam falls on the screen
(right).
x lens = x1 = lens position
y lens = y1 = beam entrance position (beam eccentricity)
x screen = x2 = distance from lens to screen
y screen = y2 = position of beam falling on screen (screen eccentricity)
The equation of the line formed by these two points (i.e., the path along which the
beam travels from the lens to the screen) can be expressed as:
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y =
(
y screen− y lens
x screen− x lens
)
x+ y lens (4.1)
By assuming that the lens sits at a distance of zero (i.e., x lens = 0), the equation
can be simplified to:
y =
(
y screen− y lens
x screen
)
x+ y lens (4.2)
Back vertex distance is defined as the distance from the lens to the focal point. The
focal point in this context is the distance from the lens at which the beam crosses
the optical axis, which is defined as the x = 0 line. In other words, finding BVD is
done by rearranging Equation 4.2 to solve for the x value at which y = 0. These
steps are shown in the following equations, and conclude by giving the equation
for BVD in Equation 4.9.
y − y lens =
(




y = 0, so
− y lens =
(



















y screen− y lens
)
(y lens) (4.7)
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− x = (x screen)(y lens)
y screen− y lens
(4.8)
BVD = x =
(y lens)(x screen)
y lens + y screen
(4.9)
The BVD for a single lens can be expressed as the mean of all individual beam
BVDs across it. The standard error of this value is referred to as focal length
variability (FLV), as shown in Equation 4.10, where SEMBVD is the standard error
of the mean of the set of all BVD values across the lens, σBVD is the standard
deviation of the set of all BVD values across the lens, and n lenses is the number of
BVD values obtained for that lens.




FLV values are used to quantify the uniformity of all focal lengths across the lens
diameter. In other words, a small FLV value indicates that the focal point is well-
defined and that most beams pass through the same point with little deviation.
A lens with a larger FLV value would have a comparatively poorly-defined focal
point, and beams would have less consistency in how closely they all pass through
the same point.
4.3 Lens Irradiation
Lens irradiation was performed in three experiments over a three month period (one
experiment in each of January, February, and March 2019). For each experiment,
either 16 or 17 rainbow trout were obtained from Linwood Acres Trout Farm.
Lenses were excised immediately upon arrival to the laboratory as described in
Section 4.1.2. Lenses were put into culture medium as described in Section 4.1.3 and
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were left overnight, in order to acclimatize to culture conditions, with irradiations
taking place the following day.
All lenses in each experiment were separated into groups of 5 to 8 lenses. The 24-
well plates used to house the lenses during culturing have a built-in well labelling
grid which was used for group assignments. Each group was assigned to a certain
dose point, with one group per experiment being assigned to be the control. For
example, the lenses in row ‘A’ were the 1 Gy group, row ‘B’ was the 2 Gy group,
and row ‘C’ was the control group). The well-labelling system was also used to
differentiate between individual lenses within a group (i.e., ‘B3’ always refers to
the lens in the third well of row B). Lenses were always handled one at a time and
returned to their respective wells.
Each lens was assessed using the laser system before irradiation. After the assess-
ment of initial condition, the lenses in each group were irradiated individually to
their assigned dose. Lenses were irradiated after being transferred to a cuvette.
Irradiation occurred in four fractions, with the cuvette being turned 90° between
each one. This was done to account for the depth-dose variation across the lens di-
ameter and also for the changes in the photon energy spectrum seen by the various
depths of the lens (as described in Section 3.3). Control lenses were put through
the same procedure, but without X-ray exposure, in order to account for any stress
caused by handling or temperature changes experienced by lenses being briefly
removed from culture conditions.
Lenses were assessed using the laser system every day post irradiation, and FLV
values were calculated for each lens every day that the experiment ran, starting
from one day before irradiation and continuing until approximately one week after
irradiation. The end-point of the experiments was determined when the lenses had
deteriorated enough to make laser analysis difficult or no longer useful (e.g., if only
some of the beams make it through the lens due to lens clouding, then this does
not necessarily give a representative analysis of the lens as a whole). FLV values
among dose groups were compared to determine whether any of the groups had
statistically higher FLV values over the controls, which would indicate that the
radiation had had an effect on the lenses’ ability to refract light.
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4.3.1 Lens Irradiation Results
After characterization experiments had been completed, lens irradiation and anal-
ysis took place. Lenses were irradiated in four fractionated doses, with the cuvette
being turned 90°between each. This ensured dose uniformity throughout the lens,
as opposed to irradiating in one fraction and having the front-facing surface expe-
rience a higher dose than the opposite side of the lens (even though the periphery
of each lens still receives a higher dose than the core, as discussed in Section 3.3.1).
The number of lenses in each dose group as well as the period of successful culturing
are summarized in Table 4.1. The labelling system adds a letter for the experiment
number, allowing every lens across all three experiments to have a unique label. For
example, ‘JB3’ refers to the third lens in row B in the first of the three experiments.
Note that ‘J’, ‘F’, and ‘M’ are used as prefixes to differentiate lenses with the same
well labels from different experiments.
Table 4.1: A summary of the number of lenses in each experiment,
as well as the group labelling system. The first letter in the label
refers to the month (January, February, or March), and the second
refers to the group.




JD 6 Exp. 1 Control
JB 6 0.044 ± 0.001 0.047 ± 0.002
JC 6 0.088 ± 0.001 0.094 ± 0.002
FA 7 Exp. 2 Control
FB 7 0.186 ± 0.001 0.196 ± 0.002
FC 8 0.298 ± 0.001 0.315 ± 0.002
FD 7 0.337 ± 0.002 0.399 ± 0.002
MC 5 Exp. 3 Control
MA 5 1.105 ± 0.002 1.170 ± 0.002
MB 5 2.210 ± 0.002 2.339 ± 0.003
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Table 4.2: A summary of back vertex distance (BVD) and focal
length variability (FLV) values for each dose group. There is no
statistical difference between any group and the associated control.
Group Dose to Lens
Core (Gy)
BVD (mm) FLV (mm)
JD Exp. 1 Control 6.58 ± 0.12 0.09 ± 0.02
JB 0.044 ± 0.001 6.39 ± 0.09 0.07 ± 0.01
JC 0.088 ± 0.001 6.34 ± 0.07 0.07 ± 0.01
FA Exp. 2 Control 6.45 ± 0.11 0.13 ± 0.02
FB 0.186 ± 0.001 6.45 ± 0.05 0.10 ± 0.05
FC 0.298 ± 0.001 6.42 ± 0.03 0.12 ± 0.04
FD 0.337 ± 0.002 6.56 ± 0.07 0.12 ± 0.03
MC Exp. 3 Control 6.57 ± 0.14 0.13 ± 0.04
MA 1.105 ± 0.002 6.46 ± 0.04 0.13 ± 0.04
MB 2.210 ± 0.002 6.45 ± 0.18 0.14 ± 0.06
Each lens was analyzed using the laser focal analysis system as described in Section
4.2.2. Analysis continued until lenses were no longer suitable for evaluation (that
is, until enough clouding developed to block a significant number of the laser beams
used in the analysis method). This time period increased over the course of the
experiments. The first and second groups of lenses were suitable for evaluation for
seven days, while the third group maintained transparency for twelve days. The
back vertex distance and focal length variability were calculated for each lens in
each dose group, and the results are summarized in Table 4.2. FLV values are
compared between dose groups in Figure 4.9.
Reviewing the BVD and FLV data in Table 4.2 and Figure 4.9 shows that none of
the dose groups have BVD or FLV values that differ statistically from the corre-
sponding control group. Though there is some statistical difference among groups
from different experiments, these comparisons are invalid for a number of reasons.
For instance, there is the potential that there were slight differences in experimen-
tal conditions among the three rounds of experiments that would be reflected in
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Figure 4.9: A summary of all focal length variability (FLV) values
for all dose groups. Separate experiments are separated by colour,
with a control group within each experiment.
the control group of that experiment, but not in the control group of other exper-
iments. Additionally, slight improvements were made to the lens dissection and
handling procedures between experiments, which also removes the possibility of
comparing any group to another group from a separate experiment.
Overall, there are a number of differences between experiments that can be mini-
mized, but not eliminated when performing biological experiments, and therefore
the appropriate conclusion to draw from this data is that none of the lens groups
had FLV values that were statistically different than the control groups.
4.3.2 Discussion of Lens Dose Response
Over the course of three experiments, groups of lenses were irradiated to 0.044 Gy,
0.088 Gy, 0.186 Gy, 0.289 Gy, 0.337 Gy, 1.105 Gy, and 2.210 Gy. Lens response
was assessed by measuring back vertex distance (BVD) and focal length variability
(FLV) for each lens in the experiment, including control lenses. Statistical analysis
of these measurements showed that none of the dose groups was statistically differ-
ent from control. This analysis was performed based on the standard error of the
experimentally obtained BVD and FLV values. Therefore, there are no measurable
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changes in refractive quality in the lenses during the week following irradiation up
to 2 Gy.
From a physiological perspective, this could be due to the timeline of the migration
of lens cells towards the lens core. The only actively dividing cells in the lens are on
the surface in the epithelial layer. As these cells divide, they layer over one another
and migrate towards the core of the lens. It is possible that the experiment did not
monitor the lenses for long enough for any of the epithelial cells to actually migrate
a significant distance into the lens. Therefore, any change in refractive quality that
may have occurred to these cells as a result of radiation dose would not have been
visible over the course of these experiments. It is possible that if the lenses could
be successfully kept in culture for a longer time period, then refractive changes
could be measurable as the epithelial cells migrated through the periphery.
One of the differences in experimental conditions that was encountered in this
work was a difference in time periods of successful culturing. Over the course of
the three months during which experiments took place, there were improvements
made to the dissection and culturing procedures. Together with improved skill over
these months, the overall timespan over which lenses were kept in good condition
increased throughout the experiments. During the first two sets of experiments,
lenses remained transparent enough for laser analysis for seven days. This increased
to twelve days for the final set of experiments. It is possible that this timespan of
good optical quality could continue to increase and produce a larger set of data in
future experiments.
Another possibility is that doses of up to 2 Gy do not produce damage that is
observable macroscopically in the short term because of the relatively high D10
dose for human lens epithelial cells (HLECs). The D10 value represents the dose
required to reduce a population of cells to one-tenth their original value, and is
a measure of the radiosensitivity of a particular cell type. HLECs have a D10
of 3.53 Gy, which is almost double the highest dose given to the lenses in these
experiments. Additionally, a study of HLECs found that irradiating these cells
with a D10 dose did not affect the cells’ viability, but only caused a delay in the
growth of the colony [45]. The study considered only the cells’ ability to form
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colonies (i.e., their mitotic activity), and did not assess their performance in terms
of maintaining transparency in vivo or in organ culture, and therefore it is not
possible to draw conclusions from this data. However, the findings do suggest that
lens cells themselves are able to withstand doses much higher than the 2 Gy used
in these experiments. As with the previous suggestion, it is possible that the cells,
though not damaged enough to be killed by the radiation, could be damaged in
a way that would affect their transparency after their migration towards the core.
The same study also showed that lens cell colony growth was delayed for longer
than the lenses in these experiments were kept in culture. Therefore, if there was a
measurable effect in the lenses from this growth delay, then it would not be visible
unless the culturing and monitoring period was longer.
Overall, there are a number of reasons why there might be no measurable change
in refractive index in the lenses for the week following irradiation, and only two
of those possibilities have been discussed here. Both of these hypotheses could be
investigated by designing a new set of culturing conditions that could maintain
the lenses in good health for a longer period of time. However, it is possible that
the length of time that would be required to see the effects of these irradiations






The objective of this work is to contribute to the study of radiation effects in
non-human biota and potentially to the study of eye-lens damage in humans by
investigating the effects of low-energy X-rays on the lenses of rainbow trout (On-
corhynchus mykiss).
This work is motivated by the recent interests of the ICRP as well as the CNSC.
The ICRP has updated its recommendations on eye lens dose limits and radiation
effect thresholds, which has prompted the CNSC to propose lowering the annual
limit for occupational dose to the human eye. This change has stimulated renewed
interest in eye-lens dosimetry and research on radiation effects in the lens. The
ICRP has also underlined the importance of the protection of the environment,
and this prompted a discussion on possible radiation effects on the eye lens of non-
human biota. Studying radiation effects in fish eye-lenses is relevant towards both
these topics. The research knowledge gained from studying fish eye-lenses could
also be transferable (to some degree) to understanding radiation effects in human
lenses because of the anatomical and physiological similarities among the ocular
systems of all vertebrates.
The use of rainbow trout lenses in these experiments is in agreement with ICRP’s
recommendations for moving forward in environmental radioprotection. The ICRP
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has suggested the use of a trout as the reference animal for freshwater fish based
on certain aspects of trout life cycles compared to other salmonids, as well as on
their geographical prevalence and representation in ecosystems. Studying Reference
Plants and Animals is part of ICRP’s goal of working towards gaining a more
comprehensive understanding of radiation effects in non-human biota [8].
A review of damage assessment methods in eye-lens research showed that a simple
and useful way of measuring changes in otherwise healthy lenses is laser focal
analysis. This method consists of sending a thin beam of light through a lens in
such a way that the refraction of the beam can be measured. This is repeated for
several beam entrance positions across the lens diameter to form a focal profile
for qualitative assessment of lens health. Using the refraction data to calculate
the focal lengths of individual beams can then be used to determine focal length
variability (FLV) for a particular lens, or for a group of lenses. FLV values provide
quantitative measures of lens health in terms of refractive capacity. Comparing
FLV values for irradiated lenses and control lenses can show whether there is a
significant difference in lens function between the groups. The purpose of this
study was to determine whether measuring FLV could give an indication of the
early effects of radiation on lens health.
An Amptek Mini-X X-ray generator was used to irradiate lenses with low-energy
X-rays to several dose points up to 2 Gy. Prior to irradiation, the Mini-X was char-
acterized, showing that at the irradiation voltage of 40 kV, the half-value thickness
was 0.2 mm in PET plastic. Average X-ray energies were also measured, and these
ranged from 13 keV at the front of the lens to 16 keV at the back of the lens.
These differences were due to changes in the photon energy distribution spectra for
the front, middle, and back of the lens, which was measured using photon energy
spectrometry. The dose rate to the centre of the lens was measured to be 0.04
Gy/min. The characterization also showed that the core of the lens would receive
slightly less dose than the surface and periphery. For a 1 Gy lens-core dose, the
surface of the lens would receive 1.13 Gy, scaling linearly with lens-core dose.
Lenses were excised from the eyes of rainbow trout and cultured under aseptic
conditions. Lenses were divided into seven groups of 5 to 8 lenses per group.
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Groups were irradiated to doses of 0.044 Gy, 0.088 Gy, 0.186 Gy, 0.298 Gy, 0.344
Gy, 1.105 Gy, and 2.210 Gy, and each lens was assessed every day for up to one
week post-irradiation. None of the groups showed differences in FLV compared to
the control group (FLV of 0.14 mm ± 0.06 mm for the 2 Gy group compared to
0.13 mm ± 0.04 mm for the control group).
Therefore, using a laser focal analysis system to assess focal length variability fol-
lowing irradiation of rainbow trout eye-lenses did not show any measurable changes
in refractive capacity over the short-term period of measurement. However, if the
radiation mainly affects the cells in the epithelial layer of the lens, then the lack of
measurable changes may be because the observation period was not long enough to
allow damaged cells to migrate towards the lens core, where changes in refraction
could be more evident.
5.2 Improvements on Experimental Methods
Over the course of these experiments, several instances occurred where a better
experimental design became clear for future work. Many of these possible im-
provements pertain to the dissection and culturing procedures. Some are related
to the laser focal analysis system.
During the early dissections, the method was not as refined as in later dissections.
One of the ways in which lens excision was improved was the incision into the sclera.
In early dissections, the sclera was cut almost the entire way around the equator,
then lifted off in order to expose the lens, which was then removed. As dissection
work progressed, the incisions were shortened to two or three scissor cuts, instead
of the ten or so that are needed to cut around the circumference of the sclera. The
lens and vitreous body could then be removed from the lens by applying gentle
pressure to the side of the sclera opposite the incision. This removed a significant
amount of the risk of accidentally touching a lens with the dissection instruments,
and shortened the excision time considerably. This dissection technique should be
employed in all future studies of this nature.
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Another improvement was also implemented during later dissections. As familiar-
ity with the dissection procedure increased, the frequency of preserving the main
muscle and ligament attached to the lens also increased. In later experiments,
most lenses were able to be handled using only their attached muscle or ligament,
instead of needing to scoop the lens between containers using instruments, which
involved direct contact with the lens.
Improvements of the procedures for future work are mainly focused on the laser
analysis system. Automation of the system could be a significant improvement,
since differences in lens positioning and laser beam movement could be minimized.
The replacement of the grid screen used in these experiments with a video camera
sensor is another change that could be simpler to implement, and would provide
significant improvements in analysis. Namely, assessing beam spread and position
with an image analysis software to quantify the size and uniformity of the laser
beam spot size on the screen would reduce operator measurement error or bias,
and could give higher-quality quantitative measurements.
5.3 Future Work
While the damage assessment method used in these experiments did not show a
measurable change in lens focal capacity, there are several possible explanations,
some of which have been offered in the discussion of lens dose response. Moving
forward, there are some aspects of the experiment that could be expanded upon or
assessed in a different way to evaluate lens damage.
The main aspect of the findings in these experiments that should be considered
for future work is that dose from low-energy X-rays did not produce changes in
refraction across the lenses in the short term. This is different from similar studies
using ultraviolet radiation which did show measurable changes in lens refraction
over the same time period used in this current work. Therefore, the differences
between these radiation types could be assessed to hypothesize which differences
could be responsible for the response to ultraviolet and the non-response to X-rays.
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The radiosensitivity of lens epithelial cells is another factor that can be considered
in future experiments, as well as cell cycle characteristics and the migration time
of cells towards the lens core. The migration time could play an important role in
determining when refraction changes occur, based on the premise that cells that are
damaged while in the epithelial layers may not express this damage in a measurable
way until they differentiate and migrate towards the lens-core.
Another potential factor to consider is the concentration of various crystallin pro-
teins in the lens fibre cells, since these protein concentrations play an important
role in determining the refraction across a lens. The crystallin concentrations could
be affected by radiation either through direct interaction (i.e., crystallins that are
already present in lens fiber cells in peripheral layers), or by hindering their abil-
ity to be expressed correctly during future differentiation (i.e., lens epithelial cells
which have not yet begun to express crystallins). A more targeted review of the
literature about the response of lens crystallin proteins to ionizing radiation could
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